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Aims The heart is constantly challenged with acute bouts of stretching or overload. Systolic adaptations to these chal-
lenges are known but adaptations in diastolic stiffness remain unknown. We evaluated adaptations in myocardial
stiffness due to acute stretching and characterized the underlying mechanisms.
....................................................................................................................................................................................................
Methods
and results
Left ventricles (LVs) of intact rat hearts, rabbit papillary muscles and myocardial strips from cardiac surgery patients
were stretched. After stretching, there was a sustained >40% decrease in end-diastolic pressure (EDP) or passive
tension (PT) for 15 min in all species and experimental preparations. Stretching by volume loading in volunteers
and cardiac surgery patients resulted in E/E’ and EDP decreases, respectively, after sustained stretching. Stretched
samples had increased myocardial cGMP levels, increased phosphorylated vasodilator-stimulated phosphoprotein
phosphorylation, as well as, increased titin phosphorylation, which was reduced by prior protein kinase G (PKG)
inhibition (PKGi). Skinned cardiomyocytes from stretched and non-stretched myocardia were studied. Skinned car-
diomyocytes from stretched hearts showed decreased PT, which was abrogated by protein phosphatase incubation;
whereas those from non-stretched hearts decreased PT after PKG incubation. Pharmacological studies assessed the
role of nitric oxide (NO) and natriuretic peptides (NPs). PT decay after stretching was significantly reduced by
combined NP antagonism, NO synthase inhibition and NO scavenging, or by PKGi. Response to stretching was
remarkably reduced in a rat model of LV hypertrophy, which also failed to increase titin phosphorylation.
....................................................................................................................................................................................................
Conclusions We describe and translate to human physiology a novel adaptive mechanism, partly mediated by titin phosphoryla-
tion through cGMP–PKG signalling, whereby myocardial compliance increases in response to acute stretching. This
mechanism may not function in the hypertrophic heart.
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1. Introduction
Acute load fluctuations pose a permanent challenge to the heart. When
preload increases, the stretching triggers a biphasic response consisting
of an immediate increase in contractility due to enhanced myofilament
Ca2þ sensitivity, the Frank-starling mechanism (FSM),1 and a later
sustained response due to an increase in Ca2þ transient first described
in vivo by von Anrep and later in vitro, as the slow force response (SFR).2
Mechanisms underlying the SFR remain under debate. The best charac-
terized is the stretch-activated Naþ flux, which can take place either
through the Naþ-Hþ exchanger upon activation of paracrine pathways,
reactive oxygen species (ROS), extracellular signal-regulated kinase3 or
* Corresponding author. Alameda Professor Hernaˆni Monteiro, 4200-319 Porto, Portugal. Tel: þ351 22 042 68 22; fax: þ351 22 042 68 24, E-mail: amoreira@med.up.pt
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stretch-activated cation channels,4 and nitric oxide (NO)-dependent
activation of ryanodine-receptor Ca2þ-release channels.5 Additionally,
the SFR does not occur in ischaemia, which may be related to changes in
Ca2þ-handling and bioenergetics.6 Studies have also documented
changes in diastolic pressure after stretching,7 although this remains
largely unexplored.8 Based on recent developments in sarcomere biol-
ogy, we hypothesize that changes in diastolic pressure after stretching
may be regulated by titin. Titin is a giant cytoskeletal protein that
accounts for most of the passive tension (PT) within the physiological
range of sarcomere lengths (SLs). Titin is able to modulate PT acutely
through phosphorylation by multiple kinases and various other post-
translational modifications.9 Furthermore, the known role of paracrine
pathways in cardiac adaptation to venous return, namely NO synthesis10
and natriuretic peptide (NP) liberation,11 raise the possibility that NO or
NP released by stretching may acutely modulate myocardial compliance
through the cyclic guanosine mono-phosphate (cGMP)-dependent pro-
tein kinase G (PKG) pathway-mediated phosphorylation of titin.12
Indeed, acute modulation of the EDP–volume relationship (EDPVR) has
been demonstrated with intracoronary infusion of substance P, which
releases NO from the endothelium.13
Our aim was to characterize acute diastolic response to stretching in dis-
tinct experimental preparations and animal species, including humans, and
to elucidate the role of the cGMP–PKG pathway and titin phosphorylation
as underlying molecular mechanisms. We also assessed pathological distur-
bances in an animal model of left ventricular (LV) hypertrophy (LVH).
2. Methods
The work was conducted in healthy rats (n = 20) and rabbits (n = 84),
in a rat model of LVH induced by transverse aortic constriction (TAC,
n = 24); as well as, in healthy young volunteers (n = 11) and in cardiac
surgery patients who underwent haemodynamic evaluation (n = 8) or
cardiac sample collection (n = 24). Detailed descriptions of the methods
are available in Supplementary material online.
2.1 Ethics and animal care
Human studies complied with the Declaration of Helsinki and were
approved by the ethics committees of the Centro Hospitalar S~ao Jo~ao,
Porto, E.P.E. (CES 176/11). Informed consent was obtained from all par-
ticipants. Animal experiments were approved by the competent author-
ities (016531) and complied with the Guide for the Care and Use of
Laboratory Animals (NIH Publication no. 85–23, revised 2011) and the
guidelines from Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes. Seven-week-old
male Wistar Han rats (Charles River, Spain) weighing 175–225 g, and 10-
to 12-week-old New Zealand white rabbits weighing 2.5–3 kg, were
housed in groups of 3 and 1 per cage, respectively, in a controlled envi-
ronment at 22C under a 12:12-h light–dark cycle and with free access
to food and water.
2.2 Isolated muscle strips
Measurements were performed in isometrically contracting rabbit right
ventricular (RV) papillary muscles (n = 14), human right atrial (RA) trabe-
culae (n= 14), or LV muscle strips (n= 10) harvested from cardiac surgery
patients that randomly underwent stretch from 92% of Lmax to Lmax
(Stretched) or were left at 92% of Lmax for 15 min (Non-stretched). Upon
completion, muscles were snap-frozen in liquid nitrogen and stored at
-80C. Separate experiments were carried out in rabbit muscles: (i) PT–
length relationship assessment at baseline, after 15 min of stretching and
10 min after stretch relief (n = 9); (ii) two cycles of 15 mins of stretching at
Lmax and 10 min of stretch relief with length reset to 92% of Lmax (n = 12),
and (iii) stretching under random incubation with (n = 7, each group):
vehicle, NP receptor-A antagonist (NPRA) A-71915 (10-6 M), NO syn-
thase inhibitor (NOSi) L-nitro-arginine (LNA, 10-5 M), NO scavenger
hydroxocobalamin (HC, 10-3 M), combined LNA and HC, combined
LNA, HC and A-71915, or PKG inhibitor Rp-8-Br-PET-cGMPS (10-6 M).
The rate of pressure decay for repeated cycles was compared based on
the time constants derived from monoexponential fitting.
2.3 Langendorff hearts
Rat hearts (n = 12) were perfused at constant pressure (Radnoti LLC,
ADInstruments). The LV balloon was inflated to attain a stable EDP of 3
mmHg (set as reference 0% volume) and then randomly, either inflated to
increase EDP to 12 mmHg (Stretched, n = 6) (set as 100% volume), or
left unaltered for 15 mins (Non-stretched, n = 6). Upon completion, LV
free-wall samples were snap-frozen in liquid nitrogen and stored at -80C.
EDPVR at baseline, after 15 min of stretching and 10 min after stretch relief
were obtained in separate experiments (n = 8).
2.4 Skinned cardiomyocytes
PT–SL relationships, ranging from SL 1.8–2.3 mm at 0.1 mm-step
increases, were investigated in 3-4 mechanically isolated skinned cardio-
myocytes collected from Stretched and Non-stretched rat hearts (n = 6
each group). Experiments were repeated before and after incubation for
40 min with either purified PKG1a (1 U/ml-1; Sigma-Aldrich) and cGMP
(cGMP, 10 mmol/l-1, Sigma-Aldrich), or protein phosphatase (PP)-1 (0.3
U/ml-1, Sigma-Aldrich) and PPk (0.3 U/ml-1, Sigma-Aldrich). In a subset of
cardiomyocytes from Non-stretched hearts, PT–SL relationships were
recorded at 1.8 lm and throughout 15 min of sustained stretching up to
2.2 lm (n = 6).
2.5 Titin phosphorylation
Myocardial samples were separated using agarose-strengthened 2%
sodium dodecyl sulphate polyacrylamide gel electrophoresis. Phospho-titin
was assessed using Pro-Q Diamond and total titin using Sypro Ruby stain-
ing. Signals were visualized using LAS-4000 (Fuji Science Imaging Systems)
and analysed using Multi Gauge V3.2 or AIDA. Results are reported rela-
tive to a reference group. Samples analysed included: Stretched and Non-
stretched rabbit RV papillary muscles (n = 7 each group); human RA trabe-
culae (n = 14) and LV muscle strips (n = 10); Non-stretched and Stretched
rabbit RV muscles previously incubated with vehicle or PKG inhibition
(PKGi) (n = 7 each group); and Non-stretched and Stretched LV samples
of TAC and sham rats (n = 5 each group).
2.6 PKG activity
PKG activity was assayed in LV free-wall samples, collected from
Stretched and Non-stretched hearts (n = 6 each group) with an immu-
noenzymatic kit (CycLex, Ina, Nagano, Japan) and fluorescent substrate
(Amplex UltraRed Reagent, Molecular Probes). Results are presented as
fluorescence units mg-1 of total protein.
2.7 Myocardial cGMP
cGMP was quantified by enzyme immunoassay (Biomedical
Technologies Inc, Stoughton, MA) in LV free-wall samples collected
from Stretched and Non-stretched hearts (n = 6 each group). Results
are presented as pmol/mg-1 of protein.
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2.8 Phosphorylated vasodilator-stimulated
phosphoprotein quantification
Gel electrophoresis followed by Western blot was performed in LV
samples of Stretched (n = 6) and Non-stretched hearts (n = 6). vasodila-
tor-stimulated phosphoprotein (VASP) expression/phosphorylation was
assessed using anti-VASP (3112, Cell Signaling) and anti-Phospho-VASP
antibodies (Ser239 antibody, 3114, Cell Signaling), respectively. Signals
were normalized to b-actin.
2.9 Echocardiography
Healthy young male volunteers (n = 11) underwent transthoracic
echocardiography(3 MHz phased-array probe, 3V2c, Siemens) using an
ACUSON Sequoia 512 system (Siemens medical), to determine the (i)
inferior vena cava diameter (IVC), (ii) ventricular volumes (Simpson’s
biplane method), (iii) transmitral flow pulsed-wave (PW) Doppler
recording of peak velocity of early filling (E), and (iv) early diastolic
motion (E’) at the septal and lateral annulus by PW tissue Doppler imag-
ing. After baseline recordings, legs were elevated to 45 and observations
were repeated immediately, as well as, 15 min later.
2.10 Pressure-volume evaluation in
patients
Evaluations were performed in elective cardiac surgery patients (n = 8)
after weaning from cardiopulmonary bypass or upon revascularization in
off-pump coronary artery bypass grafting. When patients’ haemodynam-
ics stabilized, without needing inotropes/vasopressors, a pressure-
volume (P-V) catheter was inserted retrogradely into the LV. Calibrated
P-V loops for indexed volumes were continuously monitored (Leycom-
CFL-512). Baseline observations were obtained at held end-expiration.
The operating table was then suddenly placed in the 30 Trendelenburg
position and a fluid challenge was performed using 500 ml of warm
Ringer’s lactate solution (stretch). Observations were repeated once
haemodynamics stabilized and 15 min thereafter. EDPVR was deter-
mined using the single-beat method.
2.11 Model of LVH
Seven-week-old rats were anaesthetized with sevoflurane (8 and 3% for
induction and maintenance, respectively), and mechanically ventilated.
Constriction was induced by placing a 3–0 silk thread between the bra-
chiocephalic and left carotid arteries (25 G needle). Animals were
randomized to TAC (n = 12) or sham intervention (Sham, n = 12).
Analgesia consisted of 50 lg/kg-1 buprenorphine. After 21 weeks, echo-
cardiography (VIVID 7; General Electric-Vingmed Ultrasound) was per-
formed (n = 7 per group) under anaesthesia with ketamine (75 mg/kg-1)
and xylazine (5 mg/kg-1).
2.12 P-V evaluation in rats
TAC and Sham rats (n = 12, each group) were anaesthetized with sevo-
flurane and mechanically ventilated. Upon internal jugular vein catheter-
ization, median sternotomy and pericardial removal, a P-V catheter
(SPR-838, Millar Instruments) was inserted along the LV long axis
through an apical puncture. Volume was calibrated based on ejection
fraction and cardiac output (CO) obtained from echocardiography
and indexed for body surface area, estimated as 9.1*(body weight in
grams)3/4. The preparation was allowed to stabilize for 15 min, and
observations were recorded at held end-expiration. Animals were ran-
domly selected to undergo intravenous administration of warm hydrox-
yethyl starch during 5 min, corresponding to 15% of blood volume, or
no volume load (n = 6, each group). Recordings were repeated a total of
four times, every 5 min. Upon completion, LV free-wall samples were
snap-frozen in liquid nitrogen and stored at -80C.
2.13 Statistical methods
Shapiro-Wilk’s test was used to check whether data was normally dis-
tributed. All data conformed to normal distributions, except for the
exponential fitting constants in the pressure/tension–length/volume rela-
tionships, therefore thisdata was log transformed. Statistical tests were
applied as necessary, including paired and unpaired t-tests, and simple or
repeated measures (RMs) one-way and two-way analysis of variance
(ANOVA). EDP-volume and PT–length relationships were fitted expo-
nentially and the fitting constants were analysed by covariance methods
or multivariable RM ANOVA. For simplicity of presentation, results are
reported as pressure/tension predicted by fitting constants at a given
common length/volume. Categorical and continuous data are count (%)
and means ± S.E.M., respectively. A two-tailed P < 0.05 was considered
statistically significant. A detailed statistical section is available in
Supplementary material online.
3. Results
3.1 Diastolic response to stretching from
intact hearts to skinned cardiomyocytes
Stretched RV rabbit papillary muscles displayed not only a biphasic
immediate and late increase in active tension (FSM and SFR, respec-
tively), but also a slight slow decrease in PT that lasted for over 60 min
(Figure 1A). When stretching was stopped, PT suddenly decreased below
baseline and then rose during the following minutes, yet without fully
recovering. Subsequent cycles of stretching further decreased PT and
accelerated its rate of decay (Figure 1B). Compliance increased 15 mins
after stretching but did not return to baseline even after 10 min of
stretch relief as confirmed by the PT–SL relationship curves (Figure 1C).
Human RA trabeculae and LV muscle strips behaved similarly
(Figure 1D). Sample characteristics are available in Supplementary mate-
rial online, Table S1. Findings in papillary muscles were reproduced in the
intact rat LV (Langendorff preparation). Sudden inflation of the LV bal-
loon raised EDP acutely, followed by a drop of 45% over the next
15 min (Figure 2A). EDP–balloon volume relationships obtained after 15
min of stretching and 10 min after stretch relief were downward-shifted
compared with baseline, confirming intrinsic changes in myocardial com-
pliance (Figure 2B). Functional data from Non-stretched muscle strips
and intact hearts remained stable throughout the protocol (data not
shown). Skinned cardiomyocytes isolated from previously Stretched LV
presented marked downward-shifts in the PT–SL relationships com-
pared with their Non-stretched counterparts (Figure 2C) suggesting that
acute stretch-induced modifications in the cardiomyocytes’ sarcomeric
proteins contributed to increased compliance. In contrast, stretching
cardiomyocytes harvested from previously Non-stretched hearts for 15
min did not result in PT decrease nor in a downward-shift of the PT–SL
curve (Figure 2D and E), suggesting that changes in compliance do not
take place upon standard membrane disruption in skinned cardiomyo-
cyte preparations.
3.2 Underlying mechanisms
Rabbit RV papillary muscles, as well as, human RA trabeculae and LV
muscle strips showed increased overall titin phosphorylation after
658 A.M. Leite-Moreira et al.
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15 min of stretching compared with Non-stretched controls (Figure 3).
Since PKG-mediated titin phosphorylation could potentially modulate
sarcomere compliance, we compared cGMP levels, PKG activity and
PKG phosphorylation target VASP between Stretched and Non-
stretched LV samples from Langendorff preparations. Although PKG
enzymatic activity under a non-physiologically saturating cGMP concen-
tration did not differ (Figure 4A), cGMP levels (Figure 4B) and phospho-
VASP levels did increase in Stretched hearts, suggesting enhanced PKG
activation (Figure 4C). PKG involvement was functionally explored in
skinned cardiomyocytes retrieved from Stretched and Non-stretched
hearts by incubation with PP or PKG. PP incubation shifted cardiomyo-
cyte PT–SL relationship curves upward in both Stretched and Non-
stretched hearts. Noticeably, the PT–SL relationship of cardiomyocytes
from Stretched hearts with PP incubation rose almost to the level of the
Non-stretched hearts, supporting a role for PKG activity (Figure 4D).
Conversely, PKG incubation markedly increased compliance only in car-
diomyocytes from Non-stretched hearts (Figure 4D) suggesting that PKG
sites might already be phosphorylated in Stretched hearts. To ascertain
whether PKGi would interfere with titin phosphorylation, we also quan-
tified titin phosphorylation in Stretched muscles previously incubated
with PKGi. PKGi dampened the titin phosphorylation induced by stretch-
ing, further supporting a role of PKG in titin phosphorylation induced by
stretching (Figure 4E). Because both NO and NP are released upon myo-
cardial stretching and known to act through the cGMP–PKG pathway,
we investigated the role of these upstream mediators in muscle strips. In
isolation, inhibiting NO signalling did not affect the time course of PT
decay upon stretching. However, the amplitude of PT decay was signifi-
cantly reduced when blocking both the NO and natriuretic pathways
with A-71915 þ LNA þ HC, an effect comparable to PKGi using Rp-8-
Br-PET-cGMPS (Figure 5).
3.3 Translation to human physiology
The effect was also investigated non-invasively in healthy young volun-
teers (see Supplementary material online, Table S2) and invasively in
Figure 1 The myocardium responds to acute stretching from a SL of 92% of Lmax to Lmax with an increase in compliance. (A) depicts a representative ten-
sion recording of isometrically contracting rabbit papillary muscle strips after sudden stretch. Notice the monotonous decrease in PT upon stretching that
lasted for over 60 min. In (B), PT recordings of 2 consecutive cycles of stretching and stretch relief (n = 12) further show the response is sustained and cumu-
lative. After the initial rise from baseline elicited by stretching, PT falls during the 15 min of sustained stretching (*P < 0.001) and then drops below baseline
values after stretch relief (†P < 0.01). During the following 10 min of rest, PT rises slightly though remaining below baseline PT (‡P < 0.01). In the second
stretch cycle, PT rises significantly less and drops to lower values (§P < 0.001 vs. first cycle) at a faster rate, as assessed by its decay constant (graph insert:
*P = 0.013 with paired t-test). In (C), SL–PT relationship curves were downward shifted after 15 min of stretching and did not fully return to baseline even
after 10 min of stretch relief (n = 9), as assessed by analysis of predicted PT at Lmax based on the exponential fitting constants (graph insert: *P < 0.01 vs base-
line and †P < 0.05 vs. 15 min after stretch). In (D), recordings of sustained stretching for 15 min in human RA (n = 14) and LV (n = 10) muscle strips show PT
drop during 15 min of sustained stretching (*P < 0.001 vs. initial PT at Lmax), translating findings to human physiology. Statistical testing was performed using
one-way repeated-measures ANOVA, unless otherwise stated.
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.cardiac surgery patients. Echocardiographic evaluation of healthy volun-
teers during sustained leg elevation with increased venous return
(Figure 6A) showed an initial rise in both indexed end-diastolic volume
(EDVi) and E/E’ ratio, used as a surrogate of LV EDP, and a later drop in E/
E’ but not EDVi after 15 mins, indicating reduced end-diastolic elastance or
increased compliance (Figure 6B). Representative recordings are presented
in Figure 6C. In cardiac surgery patients (see Supplementary material online,
Table S3) in whom P-V recordings were performed, a similar rise in EDP
was observed with increased filling volumes after Trendelenburg position-
ing and fluid challenge with a drop of EDP after 15 min (Figure 6D). Most
importantly, application of the single-beat method to estimate the EDPVR
also showed increased compliance after 15 min (Figure 6E).
3.4 Response in the hypertrophic heart
Diastolic response to stretching was compared between healthy and
hypertrophic hearts in an animal model of TAC-induced LVH.
Echocardiographic results are available in Supplementary material online,
Table S4. TAC animals showed increased fibrosis (data not shown). After
volume loading, EDP decreased progressively in Sham, whereas it remained
elevated in TAC animals (Figure 7A). Likewise, single-beat-derived EDPVRs
were only downward-shifted in Sham animals (Figure 7B). Moreover, TAC
showed decreased baseline titin phosphorylation compared with Sham,
and samples collected immediately after stretching showed increased titin
phosphorylation only in Sham and not in TAC (Figure 7C). Given the differ-
ences in response observed in animals with LVH, we compared recordings
from a cardiac surgery patient with hypertrophy (interventricular septal
thickness of 18 mm and LV mass index of 139 g/m-2) and a patient without
hypertrophy (interventricular septal thickness of 11 mm and LV mass index
of 104 g/m-2). The patient with hypertrophy showed a reduced response
to stretching (Figure 7D).
4. Discussion
We demonstrated that acute stretching adaptively decreases PT and
improves myocardial compliance through increased titin phosphoryla-
tion, which is due to elevated myocardial cGMP levels and higher PKG
activity. Synergistic actions from both NO and NP may trigger cGMP ele-
vation and PKG activation. This response was translated to human physi-
ology, but was impaired in an LVH model.
Figure 2 In vitro diastolic response to stretching across multiple experimental settings. In the Langendorff preparation (n = 8), the LV balloon was inflated to
raise EDP, deflated after 15 min and re-inflated 10 min after (A), at each inflation and deflation step LV volume–EDP relationships were obtained (B). Similarly
to muscle strip observations, in the intact LV (A) EDP fell during 15mins of sustained stretch (*P < 0.001), dropped to values below baseline after sudden
stretch relief (†P < 0.001) and did not fully recover 10 mins after (‡P < 0.001, full time-series analysed using one-way repeated-measures ANOVA). Also like
muscle strips, stretched intact LV showed a marked downward shift of the LV volume–EDP relationship both 15 min after stretching and 10 min after stretch
relief (B) as assessed by analysis of predicted EDP at 100% balloon volume inflation based on the exponential fitting constants (graph insert: *P < 0.001 vs. base-
line using one-way repeated-measures ANOVA). Cardiomyocytes (n = 3–4/heart) harvested from the LV of Stretched (n = 6) intact hearts after sustained
stretching (A, note tracings for non-stretched hearts are not shown), compared with Non-stretched (n = 6) counterparts (C), show a marked downward-shift
of the PT–SL relationship, assessed based on predicted PT at a SL of 2.2 lm (graph insert: *P < 0.001 with unpaired t-test). This suggests that an element of
cardiomyocytes was previously changed by stretching, most likely related to myofilaments or cytoskeleton. In contrast, skinned (permeabilized membrane)
cardiomyocytes collected from Non-stretched LV (n = 6) do not show PT decay (D) nor PT–SL relationship downward shift after 15 min of sustained stretch
in vitro (E) suggesting a need for intact membranes and membrane related signalling pathways for the stretch response to occur.
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passive viscoelastic behaviour
All soft tissues including the myocardium show passive viscoelastic
behaviour and react to stretching with a slow decay in tension at con-
stant increased length, a phenomenon known as stress-relaxation, which
has recently been quantified in non-viable myocardia.14 Stress-relaxation
and creep (the increase in length when force is held constant) are impor-
tant phenomena in cardiac myocytes at SLs close to and above 2.2 mm,
and are due mostly to intracellular structural elements at the sarcomere
level.15–18 Whereas most investigators have described the decrease in
PT following a stretch-hold of muscle in terms of the viscoelastic bioma-
terial properties, some have suggested that changes in compliance may
be due, in part, to the mechanical behaviour of the contractile ele-
ment.7,19 Several lines of evidence from our experiments show an alter-
native explanation to that of stress-relaxation for PT decay after
stretching. In all experiments the strain imposed was within the
Figure 3 Titin phosphorylation levels increase after acutely stretching myocardial strips. Stretch raises titin phosphorylation as appraised by relative titin
phosphorylation levels in Stretched muscle strips from (A) rabbit right ventricle (n = 7/group), (B) human right atrium (n = 7/group), and (C) human left ven-
tricle (n = 5/group) samples compared with corresponding Non-Stretched counterparts (*P < 0.05 using an unpaired t-test or the corresponding non-para-
metric Mann-Whitney’s test if not normally distributed). Illustrative gel selections of pro-Q diamond and SYPRO ruby staining are presented beside the
graphs. Results are normalized to Non-stretched groups.
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Figure 4 PKG activation is a major player in diastolic response to stretching. PKG activity, under a saturating cGMP concentration, which does not
limit kinase activity and therefore does not translate to in vivo physiology (pharmacological assay), did not differ between stretched (n = 6) and non-stretched
(n = 6) hearts (A). Nevertheless, cGMP (B) as well as VASP phosphorylation levels were higher in stretched hearts (C) compared with non-stretched hearts,
suggesting enhanced PKG activity in vivo induced by stretch (*P < 0.05 using an unpaired t-test or Mann-Whitney’s test if not normally distributed).
Illustrative excerpts of gels are presented. Cardiomyocytes isolated from Stretched hearts (n = 6) revealed decreased stiffness compared with
Non-stretched hearts (n = 6; *P < 0.001 with two-way ANOVA, D). Pre-incubation with PPs increased stiffness in both stretched and non-stretched hearts
(†P < 0.05, two-way ANOVA) while pre-incubation with PKG decreased stiffness only in non-stretched hearts (†P < 0.01, two-way ANOVA) denoting an
interaction between PKG and previous stretching (‡P < 0.01, two-way ANOVA). Pre-incubation of stretched samples with PKG did not further raise the
response to stretching. Baseline data before incubation with either PP or PKG were pooled for simplicity of presentation. Finally, titin phosphorylation was
assessed (E) in Non-stretched muscle strips and Stretched muscle strips (n = 7/group) with or without previous PKGi. Stretched muscles showed increased
titin phosphorylation (*P <0.01 vs. Non-stretched) that was blunted by PKGi (†P < 0.05 vs. Stretchedþ vehicle using one-way ANOVA).
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physiological range (<_2.2 lm) and the strain rate was slow. PT–SL rela-
tionships spanning a wide range of physiological SLs carried out after 15
min of stretching and 10 min after stretch relief clearly indicate that com-
pliance increased in muscle strips and intact hearts compared with base-
line. Similar relationships carried out in skinned cardiomyocytes
collected from previously Stretched and Non-stretched hearts also sup-
port increased compliance at the sarcomere level, unrelated to the
extracellular matrix. In addition, the response seems to require viable
myocardium and intracellular signalling pathways because the results for
stretching skinned fibres were not similar to the findings in intact tissue.
One important source of myocardial viscoelasticity is titin.18,20–22 If the
PEVK domain of titin is knocked out in mouse hearts, the cardiomyo-
cytes show a large reduction in viscous stress.23 However, titin domain
unfolding and PEVK-actin interactions are unlikely to explain the slow PT
decay after stretching. The most plausible biological mechanism is
altered titin phosphorylation. Further support for this conclusion comes
from the observation that the rate of PT decay was significantly faster
during the second cycle of imposed stretching than during the first cycle
and that the response could be modulated by PKG-pathway
modification.
4.2 Stretch-induced compliance is partly
mediated by cGMP–PKG-induced
phosphorylation of titin
PKGi, or the combined effects of NPRA, NOSi, and NO scavenging, atte-
nuated PT decay after stretching, suggesting that converging PKG signal-
ling pathways are prerequisites for this biological phenomenon. Both
NO and NP induce cGMP production through soluble and particulate
guanylyl cyclase, respectively, thereby enhancing PKG activity.24 PKG
phosphorylates both cardiac titin isoforms, the stiffer, shorter N2B and
the more compliant, longer N2BA. Specific sites in titin, known to be
substrates of PKG, include the cardiac-specific N2-Bus domain serines
4185 in human cardiac titin, which is not exhibited in other mammalian
titins,24 and the cross-species-exhibited 4099 (amino acid numbers
according to UniProtKB entry, Q8WZ42).25 Phosphorylation of these
N2-Bus sites decreases titin-based passive stiffness.12 Here, we demon-
strate that stretching increases titin phosphorylation, which is impaired
by prior incubation with PKGi, and that PKG incubation shifts the PT–SL
relationship of Non-stretched cardiomyocytes downward, but has little
or no effect on Stretched cardiomyocytes. On the other hand, incuba-
tion with PP upward-shifts the PT–SL relationship of Stretched cardio-
myocytes to the level of Non-stretched cardiomyocytes. All of the
aforementioned strongly supports the contribution of PKG-mediated
phosphorylation of titin to stretch-induced compliance. Additionally, we
also observed an upregulation of myocardial cGMP levels in Stretched
samples, which suggests activation of PKG. However, when we assessed
PKG activity in stretched samples we only observed an increasing trend.
Despite the development of specific substrates in commercial kits, meas-
uring PKG activity remains complex. Kits require co-incubation with sub-
strate cGMP and therefore results poorly translate in vivo activity and are
better suited for pharmacological studies. Therefore, VASP phosphoryla-
tion is commonly used as a surrogate of PKG activity.26 TVASP can be
phosphorylated by PKG both at serines 157 and 239, although the latter
site is more selective compared with PKA according to in vitro studies.26
We used a site-specific antibody for serine 239, which is able to assess
phosphorylation at both sites because serine 157 phosphorylation leads
to an apparent shift in molecular mass from 46 to 50 kD.26 We observed
an increase in VASP phosphorylation with PKG, which was significant at
the PKA-selective serine 157. We must highlight however that in vitro
selectivity studies may not translate the response to the living cell.
Results suggest that NO and NP released upon stretching raise myocar-
dial cGMP levels, which in turn increase PKG-mediated phosphorylation
of titin, thereby improving myocardial compliance. This is in close agree-
ment with Bishu et al., who reported swift changes in cGMP levels, titin
phosphorylation, and LV compliance while evaluating the haemodynamic
effects of sequential short-term infusion of the phosphodiesterase Type-
5 inhibitor sildenafil and Type-B NP.27 This is likely not the solely respon-
sible mechanism. Indeed, PKGi or joint NO and NP inhibition did not
Figure 5 Modulation of diastolic response to stretch by upstream
triggers of PKG activity. The role of NPs and NO was assessed in rabbit
muscle strips (n = 7/group) stretched from 92% of Lmax to Lmax upon
pre-incubation with vehicle (no drug), NPRA (A-71915), NOSi LNA,
NO scavenger HC, LNA and HC, all of the aforementioned agents (A-
71915 þ LNA þ HC) or with PKG inhibitor (PKGi) Rp-8-Br-PET-
cGMPS. PT was recorded throughout 15 min of sustained stretching
(A). Data were normalized setting baseline tension and peak PT after
stretching to 0 and 1, respectively. Percent PT decrease is depicted in
(B). LNA, HC, and LNA þ HC reduced PT to a lesser degree, while
joint inhibition of NO and NP pathways (with A-71915 þ LNA þ HC)
or PKGi both significantly reduced PT decrease (*P < 0.01 using one-
way ANOVA) to a similar extent.
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Figure 6 In vivo response to acute stretch was confirmed in human physiology. Upon echocardiographic evaluation, healthy young volunteers (n = 11)
subjected to sustained 15 mins leg elevation (A–C) showed a persistent increase (*P < 0.01 with one-way repeated-measures ANOVA) in IVC dimensions
and cardiac index (CI) (A, representative images in C), along with increased (†P < 0.001, one-way repeated-measures ANOVA) EDVi (B). Filling pressures, as
assessed by the echocardiographic surrogate ratio of peak velocity of transmitral E-wave Doppler flow to peak velocity of early (E’) myocardial motion at
the mitral annulus by tissue Doppler imaging (TDI), only rose after sudden leg elevation (*P < 0.01 one-way repeated-measures ANOVA) and dropped to
baseline values 15 min later (representative images in C), denoting a contrasting behaviour between filling pressure and volume (‡P < 0.01, MANOVA) or,
stated in a simpler way, end-diastolic elastance was decreased after 15 min (graph insert: *P < 0.001 vs baseline and †P < 0.01 vs. stretching using one-way
repeated-measures ANOVA). On invasive P-V haemodynamic evaluation, cardiac surgery patients (n = 8) who underwent Trendelenburg positioning and
fluid challenge (D and E) also showed a sustained increase in EDVi (*P < 0.01 vs baseline, one-way RMs ANOVA) but not in EDP. Although an initial rise in
EDP was observed, (*P < 0.01 vs baseline) EDP later dropped (†P < 0.001 vs stretching, one-way repeated-measures ANOVA) despite increased filling vol-
umes (D). End-diastolic PV relationship analysis using the single-beat method also showed a significant downward shift 15 min after stretching (E), as assessed
by analysis of predicted EDP according to the fitting constants (graph insert: *P = 0.017, one-way repeated-measures ANOVA).
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..abolish stretch-induced compliance entirely in muscle strip experiments.
Besides PKG, the N2-Bus domain of titin is phosphorylated by other
potentially involved kinases.27 Likewise, myocardial stretching is also a
well-known reversible inducer of ROS production within just a few sec-
onds. ROS play an important role in stretch-dependent signalling.28
Recently, PKG1a activated through oxidation at Cys42 by ROS was
shown to phosphorylate cardiac phospholamban Ser16, whereas knock-
in mice expressing oxidant-resistant PKG1a C42S showed higher end-
diastolic stiffness and impaired Frank-Starling responses, suggesting a
role in active modulation of myocardial compliance upon stretching.29
Moreover, under physiological conditions Ca2þ sensitivity also contrib-
utes to diastolic stress by way of actomyosin interactions30 and thus
Ca2þ handling and bioenergetics will play a part in diastolic response to
stretching. A schematic representation of the biological mechanism is
depicted in Supplementary material online, Figure.
4.3 Stretch-induced compliance translates
to in vivo human physiology
We assessed the response to stretching using non-invasive echo-
cardiography during sustained leg elevation. Despite criticism,31 we used
Figure 7 Diastolic response to stretch is impaired in LV and LVH. In rats with tac-induced LVH (n = 12) and their respective shams (Sham, n = 12), hae-
modynamic P-V evaluation of diastolic response to volume loading (stretch) was performed revealing no increase in compliance in TAC. In (A), stretching by
volume loading decreased heart rate (HR), raised EDP and EDVi both in TAC and Sham (*P < 0.001). However, while EDVi and HR changes persisted in
both groups after 20 min, EDP fell only in Sham (†P = 0.024 vs. stretching) denoting interaction between groups and response to stretching (‡P < 0.041).
Notice also that EDVi and EDP were higher in TAC (
§P < 0.05 for main effects of group). When single-beat end-diastolic PV relationships at baseline were
volume loaded and compared 20 mins later (B), TAC showed an upward-shift (P < 0.001 for main effects of group) without remarkable changes with
stretching, whereas Sham showed a clearly distinct response to stretching (P = 0.013 for interaction), which consisted of an upward-shift immediately upon
stretching (*P < 0.05) and a downward-shift 20 min later, when compared with both baseline and stretching (*P < 0.05 and †P < 0.01, respectively).
Statistical differences are depicted in the graph insert after predicting EDP at a common EDVi of 200 ll/cm
-2 based on the fitting constants. In (C), relative
titin phosphorylation is compared between TAC and Sham rats after 20 min of volume loading (Stretched, S) or no intervention (Non-stretched, NS).
Representative pro-Q diamond and SYPRO ruby stained bands are presented in the insert. TAC showed less phosphorylation (*P < 0.05) and no differences
between Stretched and Non-stretched samples, whereas stretched Sham samples showed increased phosphorylation compared with their non-stretched
counterparts (†P < 0.001), denoting a group*stretch interaction (‡P < 0.039). Therefore, reduced response to stretching in TAC animals, that failed to
increase their compliance, was accompanied by an absence of titin hyperphosphorylation. Finally, in (D), PV loops at end-diastole of a patient with LVH are
compared with those of a patient without LVH. Notice the lack of reduction in EDP 15 min after stretching in the LVH patient. Statistical testing for rat P-V
evaluation was undertaken using two-way repeated-measures ANOVA, whereas titin phosphorylation was assessed using two-way ANOVA.
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the E/E’ ratio as a non-invasive surrogate of LV EDP and measured it
along with LV volumes during leg elevation for 15 min. Although changes
in EDV were not that remarkable (from 97 to 120 ml), and the predicted
rise in EDP according to the equation proposed by Lam et al.32 EDP =
11.96 þ 0.596*E/E’ was also minor (13–14 mmHg), the drop in E/E’ over
15 min was significant, clearly indicating lower end-diastolic elastance/
enhanced compliance. Although the in vivo human setting deviates sub-
stantially from the ex vivo intact heart or muscle strip preparations, and
noting that confounders such as systemic neuroendocrine influences and
the autonomic nervous system cannot be discarded, the remarkable sim-
ilarity in response to the ex vivo animal preparations and the titin phos-
phorylation data obtained in Stretched and Non-stretched human
myocardial muscle strips lends support to the hypothesis that the
response is due to a myocardial effect. Similar results were obtained by
invasive haemodynamic P-V evaluation in a cardiac surgery patient that
underwent Trendelenburg positioning and volume infusion. Most impor-
tantly, we assessed diastolic compliance by EDPVR corroborating
increased compliance. To avoid any interference with the response, we
did not perform the standard multiple-beat evaluation by IVC occlusion
and relied upon the single-beat method as described by Zile et al.33
Although it was criticized for use in closed-chest preparations,34 this
method has been extensively used in clinical research and open-chest
evaluations. In conclusion, our ex vivo and in vitro findings were translated
to human physiology. We hypothesize that this is a physiologically adap-
tive mechanism that allows both optimization of filling at lower EDP,
therefore preventing congestion, as well as, potentiation of the increase
in CO elicited by increased venous return (see Supplementary material
online, Figure).
4.4 Stretch-induced compliance is impaired
in hypertrophic hearts
We used the TAC model of LVH to demonstrate that hypertrophic
hearts do not respond to volume loading with increased compliance nor
do they increase titin phosphorylation levels. Likewise, in a single patient
who had severe LVH, on pre-operative echocardiographic evaluation,
the diastolic response to stretching was reduced. Findings suggest that
the inability of chronically pressure-overloaded hearts with hypertrophic
remodelling to cope with preload challenges may not be entirely due to
ventricular-vascular uncoupling35 but also due to a failure to respond
with stretch-induced compliance. Indeed, this has already been suggested
based on the observation that patients with hypertrophic hearts may
show an upward shift in the EDPVR during dynamic exercise.36
Moreover, the role of titin has a potential therapeutic target to prevent
high stiffness and intolerance to effort has also been documented in a
mouse model.37 To unravel other potentially contributing pathways, as
well as, to definitely establish the role of titin phosphorylation in
response to stretching, further research is needed with genetically
manipulated animals in which specific pathways are blocked (e.g. PKG,
CAMK, and other kinases) or titin’s compliance and ability to phosphory-
late are modified.
4.5 Study limitations
The role of systemic influences, vascular responses and autonomic nerv-
ous system responses were not controlled for in the in vivo experiments.
We used a single-beat method to estimate EDPVR, justified due to the
potential confounding effects of volume shifts during IVC occlusions. All
experiments were carried out in models that do not take regional myo-
cardial heterogeneity and non-uniformity into account. The impact of
non-uniformity should be addressed in future studies. The sample size in
the human studies was small and does not allow for statistical compari-
son between patients with LVH and those without. Moreover, patient
background and comorbidities were heterogeneous (see Supplementary
material online) and the sample size is insufficient to report the influence
of these comorbidities on the observed response. Future studies with a
larger sample size, and further molecular characterization, may elucidate
whether comorbidities such as diabetes mellitus, systemic arterial hyper-
tension or obesity, as well as, ongoing medication play a role in modulat-
ing response to stretching. The TAC model of LVH is also characterized
by extracellular matrix remodelling and fibrosis. Although experiments
were carried out in vivo within expected physiological ranges of SL, it
remains possible that the poor response to stretching in TAC was due
to extracellular matrix remodelling. We did not fully explore all of the
molecular pathways potentially underlying stretch-induced compliance
but rather systematically documented the involvement of titin phosphor-
ylation through the cGMP–PKG pathway.
5. Conclusions
We demonstrated that, in response to acute stretching, the myocardium
responds not only with contractile changes but also with a novel adap-
tive physiological mechanism that leads to a long-lasting increase in com-
pliance partly through cGMP–PKG pathway modulation and titin
phosphorylation, with NO and NP release likely acting as upstream trig-
gers. The mechanism was translated to in vivo human physiology and was
shown to be impaired in LVH. Future studies should explore other
mechanisms involved in stretch-induced compliance and confirm
whether it may have a pathophysiological role in heart failure.
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